b Simeprevir (SMV), asunaprevir (ASV), daclatasvir (DCV), and sofosbuvir (SFV), which are newly developed direct-acting antiviral agents (DAAs) against hepatitis C virus (HCV) infection, are among the key components of anti-HCV regimens. Preclinical studies have identified inhibitory properties for some of these DAAs against organic anion transporting polypeptide 1B (OATP1B) functions. However, their details remain mostly uncharacterized. Because OATP1B1 and OATP1B3 play determinant roles in the pharmacokinetics of various drugs via their uptake into human hepatocytes, it is plausible that the inhibition of these OATP1Bs by a DAA would create a potential risk of drug-drug interaction, which has been an emerging concern in anti-HCV therapy. Accordingly, in the present study, we intended to clarify the inhibitory characteristics of newly developed DAAs toward OATP1B1 and -1B3 functions. The results of our coincubation inhibition assays have shown that all tested DAAs could inhibit OATP1B1 functions and that SMV, ASV, and DCV (to a lesser extent), but not SFV, exhibited long-lasting preincubation inhibitory effects on OATP1B1 functions. It was also found that the preincubation inhibitory effects of SMV and ASV could augment their coincubation inhibition potency. Furthermore, significant, but differential, inhibitory effects of the DAAs on the OATP1B3 function were identified. To summarize, our results clearly show that the newly developed DAAs are newly identified OATP1B1 and OATP1B3 inhibitors with distinctive interaction properties. It is believed that these inhibition profiles will provide essential information to all concerned parties with respect to the clinical significance of DAA-mediated inhibition of OATP1Bs in anti-HCV therapy.
D
irect-acting antiviral agents (DAAs) against hepatitis C virus (HCV) proteins have dramatically improved clinical outcomes in chronic hepatitis C therapy. Recent clinical studies have shown that addition of telaprevir (TLV) or boceprevir (BOC), which are the first nonstructural 3/4A (NS3/4A) protease inhibitors, to the combination therapy of pegylated alpha interferon and ribavirin significantly enhances the rate of a sustained virological response in up to approximately 80% of patients carrying the HCV genotype 1 (1, 2) . In addition, even higher treatment efficacy can be expected with the introduction of newly developed DAAs, including the NS3/4 protease inhibitors simeprevir (SMV) and asunaprevir (ASV), the NS5A inhibitor daclatasvir (DCV), and the NS5B inhibitor sofosbuvir (SFV) (1) . The significantly reduced toxic properties of these new DAAs in comparison with those of TLV and BOC have also been highlighted in clinical studies, which adds further value to the use of these new agents in anti-HCV therapy.
The high efficacy of TLV and BOC aside, it has become increasingly evident that there are clinically significant risks of drug-drug interaction (DDI) when DAAs are coprescribed with various drugs (3, 4) . For example, it has been reported that TLV increased the area under the curve of atorvastatin, cyclosporine (CsA), and tacrolimus by 7.9-fold, 4.6-fold, and 70-fold, respectively (5, 6) , and, consequently, precautions related to the coadministration of these drugs with TLV have been noted (Incivek prescribing information, Vertex Pharmaceuticals Inc., Cambridge, MA). Likewise, the DDI properties of BOC with numerous drugs have been shown previously although BOC interactions have occurred apparently to a lesser extent (3, 4) . TLV and BOC are inhibitors of cytochrome P450 3A4 (CYP3A4) as well as organic anion transporting polypeptides (OATPs) (7) (8) (9) , which play determinant roles in the pharmacokinetics of various drugs. Therefore, inhibition of these functions is considered likely to contribute to the aforementioned DDIs. Because a detrimental DDI often results in unintentional toxic effects of the victim drug due to its increased systemic exposure, addressing DDIs caused by DAAs can be seen as a key issue in anti-HCV therapy.
OATP1B1 and OATP1B3 (OATP1B1/1B3), which are members of the SLCO gene family, are drug transporters that are primarily expressed at the plasma membrane of human hepatocytes. It has been established that both OATP1B1 and OATP1B3 play determinant roles in the pharmacokinetics of various anionic amphipathic molecules via their uptake from the circulatory system. Therefore, these OATP1Bs have been acknowledged as pivotal targets of DDI study in drug development and/or clinical settings (e.g., reference 10). Although they show a certain level of redundancy in their substrate spectrum, each OATP1B has its own substrate preferences. For example, it has been reported that estradiol-17␤-glucuronide (E 2 G) and statins (such as pravastatin, atorvastatin, and rosuvastatin) are substrates of both OATPs, whereas estrone-3-sulfate and cholecystokinin octapeptide (CCK-8) are primarily transported by OATP1B1 and OATP1B3, respectively. Both OATPs are also known as conjugated or unconjugated bilirubin uptake transporters (11, 12) .
OATP1B1 (and likely OATP1B3 as well) can be considered important targets for DDI research efforts, as exemplified by the reports showing the significant contribution of these OATPs to the DDI occurring between cerivastatin and CsA (13) . Interestingly, Amundsen et al. (14) have shown that, among OATP1B inhibitors, preincubation of CsA enhances its direct (coincubation) inhibition potency against OATP1B1 in a cell-based assay, while Shitara et al. (15) have shown that the preincubation effect lasts for some time. Thus, long-lasting preincubation inhibitory effects have emerged as important characteristics in the functional inhibition mechanisms of OATP1Bs. On the other hand, the functional inhibition of OATP1Bs is also believed to play an important role in hyperbilirubinemia induced by OATP1B inhibitors, such as rifamycin SV, CsA, and atazanavir (11) . Further information about the roles of OATPs in DDIs and hyperbilirubinemia can be found elsewhere (10, 16, 17) .
Considering the clinically important roles played by OATP1Bs, a more precise understanding of the inhibitory characteristics of each DAA against the OATP1Bs is necessary for better clinical management in DAA-based anti-HCV therapy. However, detailed interaction profiles between the newly developed DAAs and OATP1Bs remain uncharacterized. Therefore, in the present study, we intended to clarify the inhibition characteristics of SMV, ASV, DCV, and SFV toward OATP1B1 and OATP1B3 functions, while simultaneously comparing the results with those obtained from TLV in order to evaluate their clinical significance.
MATERIALS AND METHODS
OATP1B expression plasmids. The development procedure of the pcDNA3.1(Ϫ)Zeo plasmid (Life Technologies, Carlsbad, CA) carrying OATP1B1 cDNA (OATP1B1/pcDNA3.1) and the pcDNA3.1(Ϫ)Neo plasmid (Life Technologies) carrying OATP1B3 cDNA (OATP1B3/ pcDNA3.1) has been described previously (18, 19) .
Plasmid transfection into HEK293 cells. Human embryonic kidney 293 (HEK293) cells were obtained from the Human Science Company (Tokyo, Japan) and cultured in Dulbecco's modified Eagle's medium (DMEM) (Life Technologies) supplemented with 10% fetal bovine serum and antibiotics in 5% CO 2 at 37°C.
The development procedure for HEK293 cells stably expressing OATP1B1 (1B1/HEK) and the cells carrying empty plasmid (mock/HEK) has been described previously (18) . The cells were grown in the presence of 300 g/ml phleomycin D1 (Zeocin; Invivogen, San Diego, CA).
OATP1B3/pcDNA3.1 was transfected into HEK293 cells, and then cells showing resistance to 400 g/ml G418 disulfate (Sigma, St. Louis, MO) were collected. Among the various cell clones that resulted from the colony individualization method, the one with the highest OATP1B3 level was isolated and used in this study (here referred to as 1B3/HEK).
Total RNA extraction, cDNA synthesis, and RT-PCR. Total RNA extraction and cDNA synthesis using the HEK293 cells were performed according to the conventional methods described previously (18) . Reverse transcription-PCR (RT-PCR) was performed to detect expression of an OATP1B isoform in the corresponding cells with the primers CAACAGT ATGGTCAGCCTTCATCTAAGG (sense) and AATTTGGCAATTCCAA CGGTGTTC (antisense) for detection of OATP1B1, the primers AACTC TTTGTTCTCTGCAACAGGAGGT (sense) and CTATAGATAAGCCCA AGTAGACCCTTCCA (antisense) for detection of OATP1B3, and the primers AGCCACATCGCTCAGACAC (sense) and GCCCAATACGAC CAAATCC (antisense) for detection of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Western blotting. Western blotting was performed essentially using the methods described in our previous paper (20) . Briefly, whole-cell lysate prepared from 1B1/HEK, 1B3/HEK, or mock/HEK cells was centrifuged at 1,000 ϫ g for 10 min at 4°C, and the supernatant was then subjected to ultracentrifugation (100,000 ϫ g for 40 min at 4°C). The pellet was solubilized with Tris-sucrose-EDTA buffer containing 0.8% NP-40, 0.4% deoxycholic acid, and 0.08% sodium dodecyl sulfate (SDS), followed by a second ultracentrifugation (100,000ϫ g for 40 min at 4°C). The supernatant (soluble membrane fraction) was mixed with the lysis buffer and then incubated for 30 min at 37°C. The proteins were separated by SDS-polyacrylamide gel electrophoresis, followed by transblotting onto a polyvinylidene difluoride membrane. Bovine serum albumin (BSA; 5%) or skim milk (5%) was used for membrane blocking of OATP1B1 or OATP1B3, respectively.
The primary antibodies used were rabbit anti-LST-1 IgG (500-fold dilution; Alpha Diagnostic International, San Antonio, TX), rabbit anti-SLCO1B3 IgG (1,000-fold dilution; Sigma), and mouse anti-Na ϩ /K ϩ ATPase IgG (1,000-fold dilution; Sigma). The secondary antibodies used were horseradish peroxidase-conjugated goat anti-rabbit IgG (5,000-fold dilution; Sigma) and horseradish peroxidase-conjugated goat anti-mouse IgG (5,000-fold dilution; Abcam, Cambridge, United Kingdom). Immunocomplex was detected using chemiluminescence.
Immunocytochemistry. Immunocytochemistry was performed essentially using the methods described in our previous paper (18) . Briefly, 1B1/HEK, 1B3/HEK, or mock/HEK cells were seeded on a collagencoated coverslip. The cells were fixed and permeabilized with a BD Cytofix/Cytoperm kit (BD Bioscience, Franklin Lakes, NJ). BSA (3%) was used for blocking. The primary antibodies used were rabbit anti-LST-1 IgG (200-fold dilution) or rabbit anti-SLCO1B3 IgG (200-fold dilution). The secondary antibodies used were Alexa Fluor 488-conjugated donkey antirabbit IgG (200-fold dilution; Life Technologies). Immunofluorescence was analyzed using confocal laser scanning immunofluorescence microscopy (FluoView FV-500; Olympus, Tokyo, Japan).
Transporter inhibition assays (coincubation method). OATP activity level was determined in 1B1/HEK and 1B3/HEK cells based essentially on previously described transport assay methods (18) . Briefly, 1 day after the cells were seeded, they were exposed to sodium butyrate (10 mM; Sigma) for 24 h, after which the transport assay was performed using E 2 G (100 nM; Sigma) for OATP1B1 or CCK-8 (10 nM; Peptide Institute, Osaka, Japan) for OATP1B3.
3 H-labeled E 2 G and CCK-8 were obtained from American Radiolabeled Chemicals (St. Louis, MO) and PerkinElmer Life Science (Boston, MA), respectively. The uptake period was set to 3 min for OATP1B1 and to 5 min for OATP1B3, based on the results of preliminary experiments examining the uptake level linearity. The OATP activity level was calculated by subtracting the value obtained from mock/ HEK cells from the value obtained from 1B1/HEK or 1B3/HEK cells.
Inhibition assays for validation of OATP1B expression in each cell line were performed using well-known inhibitors, rifampin (RIF; Wako, Osaka, Japan) for OATP1B1 and bromosulfophthalein (BSP; Sigma) for OATP1B3. Transport assays were performed using each cell line with the specific substrate in the presence of RIF (10 M), BSP (100 M), or their vehicle (dimethyl sulfoxide [DMSO]).
TLV, SMV, ASV, DCV, and SFV were purchased from Shanghai Biochempartner (Shanghai, China), ChemScene, LLC (Monmouth Junction, NJ), AdooQ BioScience LLC (Irvine, CA), ChemScene, LLC, and Medchemexpress, LLC (Princeton, NJ), respectively, and dissolved in DMSO. Inhibition assays using these DAAs were performed based on the above-described method. The E 2 G concentration was set to 100 nM, and CCK-8 concentration was set to 10 nM, levels that were far below the K m values of E 2 G uptake by OATP1B1 and CCK-8 uptake by OATP1B3 (8.3 and 3.8 M, respectively) (21) . Inhibitor concentrations are indicated in the figure legends. A concentration that inhibited OATP activity level by 50% (IC 50 ) was calculated using the following formula: control (%) ϭ 100/(1 ϩ I/IC 50 ), where control (%) represents the transporter-mediated uptake in the presence of various inhibitor concentrations relative to that in the absence of inhibitor, and I represents the inhibitor concentration.
R value calculation of OATP1B inhibition. The maximum potential of OATP1B-mediated DDI was estimated by calculating the R value (17, 22) . The R value was obtained by the following formula:
, where f u represents the blood unbound fraction of the inhibitor, and I in,max represents the estimated maximum inhibitor concentration at the inlet to the liver. I in,max was estimated using the following formula:
, where I max is the maximum plasma concentration of the inhibitor, F a is the dose fraction of the inhibitor that is absorbed, K a is the absorption rate constant of the inhibitor, and Q h is the hepatic blood flow rate (1,500 ml/min) in humans. As shown in the literature (7), F a was set at 1, K a was set at 0.03 min Ϫ1 , and the blood-to-plasma concentration ratio was assumed to be 1 for I in,max estimation. Information related to the pharmacokinetic parameters of the DAAs used in this study are summarized in Table 1 , in which C max , C max,u , and C in,max,u are equivalent to I max , I max,u and I in,max,u (estimated maximum unbound inhibitor concentration at the inlet to the liver), respectively.
Transporter inhibition assays (preincubation method). Based on the method described in a previous report (15) , the 1B1/HEK, 1B3/HEK, or mock/HEK cells were preincubated with a DAA for 30 min at 0.1, 1.0, and 10 M, after which the cells were washed twice with inhibitor-free transport assay buffer (Krebs-Henseleint buffer [KHB]). Immediately, assays of E 2 G or CCK-8 uptake by the cells were performed in inhibitorfree KHB, as described above. CsA (Tokyo Kasei, Tokyo, Japan), which is known to have preincubation inhibition effects on the OATP1B1/1B3 function, was used as a control in any experiments relevant to the preincubation inhibition effect.
Transporter inhibition assays (long-lasting preincubation method). The long-lasting preincubation inhibition effects of DAAs on OATP1Bs were examined using a similar method to that described above. The cells were preincubated with a DAA for 30 min at 1.0 M, after which they were washed once with inhibitor-free DMEM. Immediately thereafter, the cells were washed with KHB and then subjected to E 2 G or CCK-8 uptake assays, as described above, or they were further incubated with inhibitor-free DMEM in 5% CO 2 at 37°C. After 1 or 3 h of additional incubation, the cells were washed with KHB, and the OATP1B functions were assessed by the transport assay.
Transporter inhibition assays (pre-and coincubation combination method). The cells were preincubated with DMSO (0.1%) or a DAA at concentrations of 0.1, 0.4, and 1.0 M as described in the preincubation method, immediately after which the OATP1B functions were determined in the presence of a DAA at the same concentration used in preincubation.
Statistical analysis. Statistical analysis (Student's t test) was performed using a statistical software package (Statcell; OMS, Saitama, Japan) to determine whether the differences between two values were significant.
RESULTS
Validation of functional expression of OATP1B1 and OATP1B3 in HEK293 cells. Since it has been well established that the HEK293-based OATP1B expression system is useful for drug transport assessment and determining the potential for DDI, the experiments began by examining functional OATP1B expression in HEK293 cells. The results of RT-PCR and Western blotting showed that OATP1B1 mRNA and protein expression were detected exclusively in 1B1/HEK cells ( Fig. 1A and B) . Cell surface localization of OATP1B1 was also detected (Fig. 1C) . Consistently, the results of transport assays showed that significant E 2 G uptake levels were observed in 1B1/HEK cells and that this uptake was completely inhibited by RIF (Fig. 1D) . Similarly, OATP1B3 mRNA and protein expression, as well as OATP1B3 cell surface localization, were detected in 1B3/HEK cells (Fig. 1E to G) . As expected, BSP-sensitive CCK-8 uptake was observed in 1B3/HEK cells (Fig. 1H) .
Characterization of interaction properties between OATP1B and DAAs using a coincubation inhibition method. The interaction profiles of SMV, ASV, DCV, and SFV with OATP1B1 and OATP1B3 were examined by a classical coincubation inhibition assay, where TLV was also used as a reference DAA. E 2 G and CCK-8 were used as OATP1B1 and OATP1B3 substrates, respectively, because they have come to be regarded as good surrogate probes for evaluation of OATP1B-mediated DDIs (9, 23) . The results showed that all DAAs tested were able to inhibit OATP1B1 function (Fig. 2) ; the IC 50 values are listed in Table 2 . The IC 50 value of TLV for the OATP1B1 function was comparable to that reported in the literature (9) . Compared with TLV, SMV and ASV were found to be potent inhibitors, while DCV had a similar level of inhibition and SFV was found to be a relatively weak inhibitor. Similarly, the inhibition profile of DAAs against the OATP1B3 function was also determined (Fig. 2 and Table 2 ). Again, the IC 50 value of TLV for OATP1B3 was comparable to that reported in the literature (9) , and other IC 50 values showed that SMV, ASV, and DCV were all strong OATP1B3 inhibitors, while SFV did not significantly affect OATP1B3 function.
The International Transporter Consortium has proposed a decision tree for use in determining if a drug has the potential to cause OATP1B-mediated DDI (17) . Using that tree, C max /IC 50 values were calculated as the initial step ( Table 2 ). All C max /IC 50 values (except for SFV) were above the cutoff value (0.1), which suggested the need to proceed with an R value calculation for SMV, ASV, and DCV. It was also found that, even though they are less significant than those of TLV, the SMV R values for both OATP1B1 and OATP1B3 were over 1.25 (the suggested value according to the upper limit of equivalence range) ( Table 2 ). In contrast, the R values of ASV and DCV were below 1.25.
Identification of preincubation inhibition effects of DAAs on OATP1B functions. Although available literature is still limited, recent evidence suggests that the preincubation inhibition effect is one of the intrinsic characteristics of OATP1B inhibitors. Therefore, we sought to clarify whether the DAAs have the capability to exert such inhibitory effects by conducting preincubation inhibition assays using CsA as a reference inhibitor. As shown in Fig. 3 , preincubation with SMV at 1.0 and 10 M results in a substantial decrease in the OATP1B1 function level by 67.7 Ϯ 13.4% and 88.4 Ϯ 12.9%, respectively, and a decrease in the OATP1B3 function level by 95.1 Ϯ 3.1% and 98.1 Ϯ 1.1%, respectively. These effects were as potent as those of CsA. Unexpectedly, the preincubation inhibition profile of ASV on OATP1B1 function was somewhat different from that of SMV, and ASV preincubation affected OATP1B3 function only at 10 M. DCV also exhibited significant preincubation inhibition effects on both OATP1Bs but only at 10 M. In contrast, preincubation with TLV and SFV did not influence OATP1B functions at all. Examination of the long-lasting effect of preincubation inhibition of DAAs on OATP1B functions. It has been shown that preincubation inhibition effects of CsA on OATP1Bs can be maintained for several hours (15) . Therefore, the long-lasting properties of the preincubation inhibition effects of SMV and ASV (1 M) were investigated using CsA as a reference inhibitor (Fig. 4) . The results showed that the residual OATP1B1 functional levels at 1 h after SMV and ASV exposure were found to be 65.1 Ϯ 9.2% and 85.3 Ϯ 6.1%, respectively, and that the complete recovery of OATP1B1 function was observed as early as 3 h after SMV or ASV exposure, while CsA imposed significantly prolonged inhibition on OATP1B1 function. On the other hand, SMV continuously repressed OATP1B3 function for as long as CsA did. The residual OATP1B3 activity level was 53.0 Ϯ 12.0% at 3 h after SMV exposure. As expected, ASV lacked a preincubation inhibition effect at this concentration.
Determination of enhancing effect of DAAs' long-lasting preincubation inhibition on their overall inhibition potency against OATP1B functions. An examination was conducted to determine if the long-lasting preincubation inhibition effects of SMV and ASV augment their coincubation inhibitory level against OATP1B functions because such effects have been identified in the case of CsA (14) . Our results showed that preincubation with SMV (0.4 M) significantly strengthened the coincubation inhibition effect (0.4 M) on OATP1B1 activity (from 46.4 Ϯ 2.4% to 22.3 Ϯ 10.3%; P Ͻ 0.05) (Fig. 5) . Preincubation with ASV (0.1 and 0.4 M) was also found to enhance the coincubation inhibition effect on OATP1B1 activity (from 78.0 Ϯ 2.3% to 56.1 Ϯ 7.5% and from 50.6 Ϯ 1.3% to 29.4 Ϯ 7.6%, respectively; P Ͻ 0.01). Similar tendencies were observed at other concentrations of SMV and ASV.
Similarly, the coincubation inhibition effects of SMV at 0.1 M on OATP1B3 function level was strengthened by preincubation with the same concentration of SMV (from 43.1 Ϯ 6.4% to 26.5 Ϯ 4.4%). Preincubation with ASV only marginally affected its coincubation inhibition effect on the OATP1B3 function, which was consistent with the results shown in Fig. 3 and 4 .
DISCUSSION
Our results show that all of the new DAAs examined in this study can inhibit OATP1B functions in a classical manner (coincubation inhibition) and also that some of them have distinctive longlasting preincubation inhibitory effects on OATP1B functions. These inhibition characteristics should be seen as essential information when the clinical significance of DAA-mediated OATP1B inhibition is considered, as we have discussed herein. Based on the criteria of R value significance (Ն1. 25) , the values of SMV indicate that SMV creates a mild DDI risk when it is administered with OATP1B substrates. In contrast, the DDI risk potential for ASV, DCV, and SFV was found to be from very modest to negligible. These predictions are roughly consistent with the lack of literature reporting "detrimental" DDIs in association with these new agents.
Nevertheless, it has been shown that SMV administration (150 mg) leads to apparently 2-to 3-fold increases in atorvastatin (40 mg) and rosuvastatin (10 mg) exposure, respectively (Sovriad interview form, Janssen Pharmaceutical K. K., Tokyo, Japan), and that ASV administration Table 2 . and 10 to 80 mg QD, respectively, based on their prescribing information, and that 200 mg of ASV QD or twice a day [BID] has been used in clinical trials.) Based on the results of our preincubation inhibition experiments, it can be assumed that SMV or ASV imposes long-lasting inhibition effects on OATP1B functions, in addition to their coincubation effects, in such DDIs. Preclinical data have shown that SMV and ASV accumulate significantly in rat livers (32-to 65-fold for SMV and 315-fold for ASV) (24, 25) , which implies that, to the extent that they sufficiently exert preincubation inhibitory effects on OATP1B functions, unbound liver SMV or ASV concentrations might become greater than their plasma unbound concentrations. Therefore, it is reasonable to presume that the long-lasting preincubation inhibition effects of SMV or ASV play a clinically significant role in the reduction of OATP1Bs' functional levels during SMV-or ASV-containing therapy. Despite this likelihood, in order to enhance the reliability of this concept, an integrated prediction method is likely to be necessary during further investigations aimed at deter- mining the significance of OATP1B inhibition by drugs that possess both co-and preinhibition properties. Once established, such a prediction method can be expected to provide additional quantitative explanations as to why SMV and ASV affect systemic exposure of OATP1B substrates including statins. In addition to the inhibition properties obtained in this study, it will be necessary to pay attention to the following viewpoints in order to estimate the DDI potential of DAAs in vivo. First, it is likely that the C max and the C in,max,u of a DAA are highly variable among patients. For example, the C max of SMV ranged from 1.8 to 13.5 M (n ϭ 123, HPC3003 clinical trial in Japan). This range could be further expanded as the patient population increases, partially because of the presence of rare variants in the drug-metabolizing and transporter genes (26, 27) . Second, although E 2 G and CCK-8 have been considered good surrogate probes for use in OATP1B inhibition studies (9, 23) , the R value obtained from other OATP1B substrates may be different from the values obtained in this study, as exemplified by the report showing that the IC 50 values of rifamycin SV toward OATP1B1-mediated E 2 G and rosuvastatin uptake are 0.34 Ϯ 0.05 and 0.05 Ϯ 0.02 (M), respectively (23) . Finally, because various enzymes and transporters, such as CYP3A4, cooperatively determine a drug pharmacokinetic profile together with OATP1Bs, multifactor evaluation of clinical DDI likelihood is necessary in order to minimize over-or underprediction, as depicted in the recent literature (28) . Therefore, DAA R values related to other gene functions should be determined and consolidated with those obtained in this study in order to create a more advanced evaluation of DDI potential of DAAs.
Taking these results together, we can suggest that SMV and (to a lesser degree) ASV have a latent potential to cause DDIs at the level of OATP1B1/1B3 even though the clinical DDI likelihood of DAAs is still open to further investigation. The possibility of this potential for DCV cannot be ruled out due to its simultaneous possession of co-and preinhibition properties, while SFV seems to be harmless to OATP1Bs.
Because chronic hepatitis C patients may often take multiple medications in addition to anti-HCV drugs, these findings will call the physician's attention to the cautions related to the DDIs associated with these DAAs (especially SMV and ASV). In addition to statins, examples of potential victim OATP substrates are repaglinide (antidiabetic), fexofenadine (antihistaminic), olmesartan and telmisartan (antihypertensives), and torsemide (diuretic) based on the literature (10, 29) . Furthermore, the number of such examples can be expected to increase as new OATP1B substrate drugs are developed in the future. Therefore, even though DDIs may not be critical factors in drug decision making, an understanding of the possible DDI risks for a DAA intended for use is nevertheless important for appropriate clinical management.
In addition, potential interactions between a DAA and an antihuman immunodeficiency virus (HIV) agent should be mentioned because ϳ33% of HCV patients are estimated to be coinfected with HIV in Western countries (30) . According to the Sovriad interview form (Janssen Pharmaceutical K. K., Tokyo, Japan), SMV (150 mg QD) does not significantly affect rilpivirine (25 mg QD), raltegravir (400 mg QD), tenofovir (300 mg QD), or efavirenz (600 mg QD) exposure. However, although it has not yet been reported, SMV could affect lopinavir exposure, based on a report showing that its plasma concentration has been affected by the OATP1B1 function level (31, 32) . On the other hand, it has been shown that efavirenz (600 mg QD) significantly reduces SMV (150 mg QD) exposure, while ritonavir (100 mg BID) increases SMV (200 mg QD) exposure in preliminary DDI tests although these are believed to be caused by alteration of SMV metabolism rate (Sovriad interview form, Janssen Pharmaceutical K. K., Tokyo, Japan). Due to the distinctive pleiotropic effects of each anti-HIV drug (or DAA) on drug-metabolizing enzymes and transporters, the in vivo interaction profile between an anti-HIV drug and a DAA or between any antiretroviral/DAA and its coadministered drug(s) is considerably complex. Therefore, caution related to such interactions is advisable prior to the accumulation of experimental and clinical data. A similar suggestion has been made in a recent review (33) , where additional DDI information can be obtained. Considering the level of complexity, it is assumed that if antivirus-specialized clinical pharmacists could be trained, they would contribute to safer and more effective treatment for HCV/HIV-coinfected patients.
Another important issue related to the inhibition of the OATP1B function is hyperbilirubinemia. OATP1Bs play pivotal roles in development of hyperbilirubinemia because, in addition to identification of OATP1B1 and OATP1B3 as conjugated and unconjugated bilirubin transporters (11, 12) , it has been shown that patients who carry biallelic inactivating mutations in both genes show rotor syndrome, which is characterized by conjugated hyperbilirubinemia (34) . Clinical studies have shown that transient and benign hyperbilirubinemia without association of concomitant elevation of liver enzymes is often observed in SMVcontaining regimens (35) but not in TLV-containing regimens, despite the fact that either DAA can inhibit OATP1Bs. This observation may indicate that cooperative coincubation and long-lasting preincubation inhibitory effects of SMV on both OATP1B1/ 1B3 functions may play a crucial role in the development of hyperbilirubinemia in SMV-containing regimens. In addition, although not fully characterized, it has been shown that SMV inhibits the bilirubin glucuronidation enzyme (UDP-glucuronosyltransferase 1A1 [UGT1A1]) and conjugated bilirubin extrusion pump (multidrug resistance protein 2 [MRP2]), while TLV does not. Therefore, the involvement of UGT1A1 and/or MRP2 inhibition in the development of SMV-mediated hyperbilirubinemia should not be ruled out even if the IC 50 values of SMV for the bilirubin glucuronidation and MRP2 functions are higher than those for OATP1Bs (119 M and 6.4 to 19 M, respectively). Collectively, it is considered likely that elevation of the blood bilirubin level could reflect a functional disturbance of OATP1B1/ 1B3 along with UGT1A1 and/or MRP2 by SMV. Therefore, it can be speculated that extensive hyperbilirubinemia could provide a warning for SMV-caused DDI with drugs that utilize those pathways for their elimination in such patients.
Finally, the differential long-lasting preincubation effects among our DAAs should be mentioned due to their important relevant aspects in OATP1B studies. It is intriguing that SMV, ASV, and (to a lesser extent) DCV are newly listed as members of the long-lasting dual OATP1B1/1B3 inhibitor lineup, in which only CsA has been identified to date (15) . In addition, it was surprising to find that, despite the outstanding similarities of their physicochemical properties (data not shown) as well as their IC 50 values against OATP1Bs, there are significant differences in the preincubation inhibition profiles of SMV and ASV. Although the mechanisms behind their long-lasting preincubation inhibition effects remain unknown, our findings suggest that their long-lasting inhibitions against OATP1B1 and OATP1B3 do not share common cellular mechanisms and that the physicochemical property of a particular drug is unlikely to play a decisive role in its inhibition effects. Since these results may provide important insights into the clarification of inhibitory mechanisms, further mechanistic exploration using SMV and ASV can be expected to identify a key factor or process underlying long-lasting preincubation effects.
In conclusion, our results not only show that all tested DAAs are capable of inhibiting OATP1B1 and 1B3 functions but also that SMV, ASV, and DCV are newly identified, distinctive longlasting OATP1B inhibitors. Our results also suggest that the cooperative coincubation and long-lasting preincubation inhibitory effects of SMV on OATP1B functions at least partially account for the increased exposure of statins and transient hyperbilirubinemia in SMV-containing regimens. The inhibitory effects of ASV, but not SFV, on OATP1B functions may also be clinically important, while the possibility in relation to DCV remains elusive. We expect that although such DDIs may not be the sole determinants in treatment decision making, these inhibition profiles and estimations for OATP1B-mediated DDI potentials will provide useful information that will facilitate safer and more effective anti-HCV therapy. In addition, our results point toward the need for elucidation of the detailed characteristics underlying long-lasting preincubation effects of DAAs on OATP1Bs in order to facilitate the development of an improved quantitative DDI evaluation method that takes such effects, along with other relevant factors, into consideration.
